The intensive care unit (ICU) of a hospital is an environment subjected to ceaseless noise. Patient alarms contribute to the saturated auditory environment and often overwhelm healthcare providers with constant and false alarms. This may lead to alarm fatigue and prevent optimum patient care. In response, a multisensory alarm system developed with consideration for human neuroscience and basic music theory is proposed as a potential solution. The integration of auditory, visual, and other sensory output within an alarm system can be used to convey more meaningful clinical information about patient vital signs in the ICU and operating room to ultimately improve patient outcomes.
Introduction
While engaging in dinner conversation in an elegant restaurant, your attention is simultaneously tuned to the television screen overhead, the siren and flashing lights of a passing ambulance, the radio song playing in the background, and the gossip at the table next to you. Your attention is both voluntarily and involuntarily divided among these competing stimuli. You are certainly not affording your dinner companion your undivided attention. This is one example of the multisensory world in which we live and highlights the dynamic interactions that are continually taking place across the various sensory systems [1] . For the purpose of this article, we will use the term multisensory to refer to stimuli that are contextually similar and are aligned temporally and spatially as found in nature [2] . Multisensory alarms consist of interactions between multiple sensory streams, not just multiple concomitant unisensory streams. Indeed, one of the major challenges for our brains is to decide what amongst this vast array of sensory information to filter out and what should gain preferential access to be processed further.
For the clinician, a prime example of a complex multisensory environment is the intensive care unit (ICU), where they must respond to a myriad of changes in an environment filled with a complex mélange of sensory information from patient monitors, alarms, speech, and other salient stimuli. In a typical ICU, there may be as many as 700 alarms per patient per day [3] . The relevant data
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The most prevalent alarms are founded on auditory stimulation, as it is readily perceived in the free field space of most clinical environments. However, the use of auditory alarms to communicate an abundance of patient information has resulted in a proliferation of noise. The interpretation of sound by the human brain involves neuroscience as a key factor in making improvements to future alarms systems.
Neuroscience-related research could add value to alarm design in the area of music cognition and perception. While present auditory alarms are not musical per se, the acoustic features of alarms can be better understood using concepts derived from music perception and cognition. Pitch differences in some pulse oximeters, a commonly used patient monitor, follow a logarithmic scale, and some infusion pumps and mechanical ventilator alarms utilize melodic resolution (e.g., from the dominant [V] to the tonic [I], "G" → "C") [19] [20] [21] . Most natural sounds are complex and comprised of multiple frequencies, differing from the pure tones (i.e., single frequency) of many alarms. Furthermore, many current alarms use flat amplitude envelopes (e.g., non-natural sounds like the emergency broadcast system) that make it difficult to discriminate between paired physiologic changes and their associated melodic mnemonics [22] . Utilizing percussive amplitude envelopes has been shown to improve recall in a memory task associating tone sequences with arbitrary object pairings, as well as decrease perceived annoyance. These data suggest possible areas of intervention which may lead to alarms that are less aversive and easier to learn [23, 24] .
The lack of integration of basic musical principals into auditory cues highlights a missed opportunity to improve learnability and effectiveness of alarms [21, 25] . The current design of auditory alarms fails to take advantage of the fact that multiple modes of processing for complex sounds may improve clinicians' ability to perceive and respond to alarms [23] . Furthermore, these auditory signals must be considered within the realm of the multisensory environment in which they are presented, as information from other sensory systems can greatly shape the way the same auditory information is processed.
Sensory neuroscience research, particularly multisensory neuroscience research-which focuses on the interactions between the different sensory systems (e.g., hearing and vision)-provides an innovative and timely perspective on this issue. Decades of research have shown that combining information from multiple sensory systems can confer marked behavioral benefits, particularly in noisy environments like clinical settings [26] [27] [28] . Therefore, applying the findings of basic multisensory neuroscience research can provide important insights that may be of practical benefit in ameliorating issues that relate to stimulus complexity and noise in clinical work environments.
Neuroscience principles derived from multisensory research translate to the clinical medical environment and may be directed in an effort to improve clinical care and physician well-being. The intersections between sensory function and attention, and issues such as alarm fatigue, emotional responses to alarms, and improved patient safety outcomes also provide avenues for future development. A neuroscience-based perspective on multisensory integration and opportunities for more effective alarm design will give insight into the future of the ICU.
A Primer on Multisensory Integration and Its Potential Clinical Applications
A reliable and robust finding in multisensory neuroscience is that the combination of multiple pieces of information from the different senses (compared to information presented in a single sense) can result in striking behavioral and perceptual benefits in detection, localization, and discrimination [29] [30] [31] [32] [33] [34] [35] . Although initially studied almost exclusively in controlled laboratory settings, an increasing body of work is now examining these performance benefits in more ecologically relevant settings. One of the most fundamental observations in this regard is the multisensory-mediated benefits observed in speech comprehension under noisy circumstances [36, 37] . It has been shown that the ability to see the mouth movements of a speaker in a noisy setting (e.g., a cocktail party) can confer up to an effective 15-decibel (dB) advantage in the listener's ability to understand the spoken signal [36] . This visually mediated gain in intelligibility highlights the natural ability of the different sensory systems to work synergistically, and reinforces the potential for utilizing multisensory approaches toward the design of better alarms. While the focus of this review is on the interactions between the visual and auditory senses (as these are typical conduits for alarm-related information), multisensory-mediated advantages have been seen across all sensory combinations, including interactions between taste, smell, and touch [28, [38] [39] [40] .
Foundational work in the multisensory field has identified a series of integrative "principles" that have a strong intuitive basis and reinforce the applied benefits brought by having information available in multiple senses [41] . The first two of these are the spatial and the temporal principles, which relate to the physical relationship of paired stimuli to one another [42] [43] [44] [45] . The eye and ear intertwine auditory and visual energy to provide information about an audiovisual event, like a ball bouncing against the floor [46] [47] [48] . Multisensory circuits within the brain use this spatial and temporal proximity between the auditory and visual information to decide whether these pieces of information are likely to have come from the same source or event [26, 49] . Such spatially and temporally coincident pairings generally result in substantial improvements in behavior and perception, suggesting that the brain uses this statistical information about stimuli in the world to decide what belongs together (i.e., should be "bound") and what should be segregated [50] [51] [52] .
The third multisensory principle is called "inverse effectiveness," and refers to the fact that the greatest proportional gains in neural response, behavior, and perception are typically seen when the individual sensory components of the paired stimuli are weakly effective [33, 53] . Imagine a dim light and a soft sound, each of which may be sufficiently weak on their own that you cannot perceive them. However, when these stimuli are paired, you are much more likely to detect their presence [35] . As the individual stimuli become increasingly effective, multisensory-mediated performance gains decline, an intuitive result given that these stimuli become much easier for the brain to register individually [35, 36, 54] .
Not surprisingly, multisensory interactions abound in the clinical setting. For example, during minimally invasive procedures surgeons depend on the visual input from the camera on the monitor, the sound of the harmonic scalpel, and the haptic feedback with respect to texture, shape, and consistency of the tissue [55] . Although such situations are ubiquitous, and physicians readily integrate information across the senses in order to improve their perception and performance, it must be emphasized that the nature of the incoming sensory information is usually not optimized for efficient integration of this information under such high-consequence circumstances. Collectively, the principles of multisensory integration provide a framework for predicting what will happen when stimuli from the different senses are paired, and can (and should) be used as a starting point to create more effective parameters for presenting sensory information in clinical environments. Consider the principle of inverse effectiveness in the context of alarms. Popular thought suggests that an alarm/alert must be louder or brighter to be optimally effective [56, 57] . Contrary to this, the pairing of weaker stimuli may be as effective in driving behavior, and most importantly could dramatically reduce many of the negative attributes (e.g., fatigue, stress) associated with very loud or bright stimuli [3, 34, 58] . Based on such examples, we advocate that knowledge and application of findings from multisensory research have the potential to greatly aid in the design and implementation of safer and more comfortable clinician workplaces [4, 14] .
An Investigation of the Utility of Applying Multisensory Principles in a Clinical Setting
Research that has applied multisensory principles to the clinical setting has provided promising evidence for the ability to improve alarm design in the ICU. As highlighted earlier, time is an important dimension for multisensory integration, in that auditory and visual events that happen in close temporal proximity have a higher likelihood of being actively integrated and bound. The construct of a temporal binding window (TBW) has been proposed to characterize the temporal interval within which paired stimuli (for example, an audiovisual signal) are likely to be actively bound into a single perceptual construct [59] [60] [61] . Prior laboratory studies have shown that the TBW is malleable and can be narrowed with training, giving rise to improved multisensory temporal acuity [60] . Given this evidence for marked adaptability (i.e., plasticity) in multisensory temporal function, it was hypothesized that using this approach in a clinically oriented study could narrow an individual's TBW, and furthermore, improve audiovisual processing. By this logic, improving multisensory (audiovisual) temporal acuity would effectively amplify the binding of appropriate visual and auditory information, particularly during high attentional load conditions that mimic many normal clinical scenarios.
A study conducted by Schlesinger et. al. in 2014 examined the ability of anesthesiology residents to detect changes in the auditory signals delivered by a standard pulse oximeter before and after multisensory perceptual training. The cognitive demand of the ICU was replicated in the form of a rapid serial visual presentation (RSVP) task. Before training and under high attentional demand conditions, residents' ability to detect changes in oxygen saturation (signaled through unisensory pitch change) was significantly impaired. The addition of background auditory noise further degraded their performance. However, clinical accuracy and speed of response were improved by just two hours of multisensory perceptual training over a two-day period [4, 14] . This is a clear demonstration that a brief period of multisensory perceptual training can enhance clinicians' response to clinically meaningful signals in a high attentional and sensory demand environment similar to the ICU or operating room (OR). Despite this evidence, there is no form of multisensory perceptual training currently included in the education of physicians or nurses who perform physiological monitoring.
Employing the Conceptual Framework of Inverse Effectiveness to the Operating Room
The prior example of improving pulse oximetry detection through multisensory perceptual training highlights the use of temporal structure and temporally-based multisensory training as a tool to make better use of auditory information in the clinical setting. In a similar fashion, the principle of inverse effectiveness, described in the multisensory primer above, can be brought to bear on these practical issues, particularly in noisy settings like the clinical environment [36, 53] . In a complex environment with multiple competing cues, the pairing of low intensity spatially and temporally coincident auditory and visual cues is likely to result in substantial improvements in the speed and accuracy of responses [59, 60, 62] . However, alarms have yet to be designed that take advantage of these known multisensory principles of human neural and perceptual performance. We advocate for design principles that take advantage of our knowledge in regards to how the human nervous system combines different sensory cues.
One additional element of the OR environment that should also be considered is background music, which is commonly present in the OR [63] . Such music can compete with existing task-relevant information. Indeed, multiple case reports presented in the Anesthesia Incident Reporting System (AIRS) in the newsletter of the Anesthesia Patient Safety Foundation (APSF) highlight that loud music interferes with safe patient care in the OR [64] . It is suggested that clinicians can ameliorate these effects through the use of "smart" OR music that adjusts volume down during critical patient care episodes [63, 65] . For example, the Canary Box is a device that utilizes vital sign algorithms to mute music in times that require focus and quiet [66] . The lowered music volume during emergency periods serves as an alert in itself, as the acoustic environment has been automatically changed based on the clinical status of the patient. Collectively, this work illustrates that it is time for the experimental design of low intensity multisensory alarms that can dynamically change stimulus output depending on the current auditory and visual environment in the OR.
Acoustic Features of Alarms-Tuning Stimulus Characteristics to Optimize Multisensory Benefit
The ability to generate the most effective multisensory alarm also depends on the characteristics of the individual streams of sensory information, which have features embedded within them that must be considered when focusing on alarm design. For example, the auditory component of the alarm has several physical characteristics (e.g., volume, pitch, and timbre), each of which can be used to signal a meaningful physiological feature, as discussed previously. Recent work by McNeer et. al.
shows that use of auditory icons, one novel option to be used as the auditory component, resulted in significantly better performance compared to standard alarms. An auditory icon is a sound that reflects the actual action to which its signal refers-for example, the lub-dub of a heartbeat. In this study, participants identified icon alarms 3 seconds quicker and 45% more accurately than standard alarms. Additionally, icon alarms were found to have lower perceived fatigue and task load [67] . These within-modality efforts to parse information may actively work against multisensory binding as the signals may be far from optimized for interactions that take advantage of the redundancies and additional information available from multisensory cues.
Focusing first on audible volume, we can return to the principle of inverse effectiveness [34, 53] and the implications that it has for issues such as alarm fatigue. As we have seen, this principle illustrates that the largest gains in multisensory perception typically result from signals that are weakly effective when presented individually. Given this, we could imagine the development of an alarm where the effective volume could be lowered if the audible signal was efficiently coupled with a (weak) visual stimulus. This adjustment would lower the relative amplitude of the auditory alarm relative to the background noise, referred to as the signal-to-noise ratio (SNR) [18] . While in most circumstances a positive SNR (where the level of the signal is higher than the competing noise) is considered favorable, in naturalistic and multisensory settings there can be greater gains in signal detection under conditions of low or even negative SNR (in which the signal lies embedded within the noise). Currently, most clinical settings attempt to set an alarm at a higher volume than the overall background ICU noise to operate at a positive SNR. This, in turn, increases the overall noise in the ICU and can create a positive feedback loop of continually needing to increase the alarm volume. However, recent research shows that appropriate clinical performance can be maintained with alarms that −11 dB below background noise as compared with +4 dB above background noise (a typical real-world SNR) [68] . This research supports the principle of inverse effectiveness and should encourage further investigation.
In an effort to examine the impact of changes in SNR under multisensory circumstances and in a clinical scenario, ongoing work is examining performance on a common clinical duty of varying difficulty and under a range of alarm SNRs. Preliminary data suggest that clinician performance, measured by response time and accuracy on a clinically oriented detection task, can be preserved even under circumstances with a negative SNR, demonstrating that alarms do not need to be louder than background noise in order to maintain their efficacy [3, 36, 37] . This would allow the total sound/noise exposure to be decreased while maintaining high standards of clinical care.
In addition to features such as volume or SNR, other acoustical features of alarms include sound sharpness, fluctuation strength, consonance/dissonance, and roughness [69] . These features may play an important role in responsiveness to alarms and to their effective (mood related) content. For example, even novice Western music listeners have an emotional reaction to dissonance in music, as shown by the presentation of two excerpts from the cadenza in Ardi gli incensi from Donizetti's opera Lucia di Lammermoor where evoked emotions most commonly included sadness, madness, and fear of death [70] [71] [72] [73] . Interestingly, the peak energy of the excerpts share the same harmonics with alarm characteristics signifying acute patient decompensation. Although these acoustic features likely allow alarms to be highly salient, it is seemingly maladaptive to allow alarms to possess acoustic features that consciously or unconsciously elicit negative emotions. Patient and practitioner outcomes may be improved if alarms possessed acoustic features that contributed to a more positively balanced sound environment while still serving their primary purpose.
The various acoustic features of alarms are barely mentioned in the applied acoustics literature, thus there exists opportunity embedded in the exploration of this space for improved alarm design [74] . Forging ahead to create international standards, in the absence of rigorous psychoacoustic studies to inform them, will (and already has) led to alarms that are difficult to learn [22, 75] . For example, the utilization of only subtle rhythmic differences, in the face of static flat amplitude envelope (non-natural/non-percussive amplitude envelope), timbre, and pitch class (key) has resulted in a plethora of uninformative alarms [23, [76] [77] [78] . Despite these growing observations regarding the richness of acoustic feature space and the potential opportunities for improved alarm design, international standards (e.g., IEC 60601-1-8) have been slow to change [79] .
As should be clear from this section, it is necessary to more rigorously dissect the acoustical features of the auditory signal (e.g., SNR, pitch, timbre, rhythmicity, and amplitude envelope) in order to optimize alarm design from both a unisensory (i.e., auditory alone) and multisensory perspective [78, 80] . Data from this line of research can also inform standards and safety in industries such as rail, aviation, and auto, which similarly face complex and noisy work environments [81] .
Visual Features of Alarms
Supplementing work in the auditory domain, complementary to work in the visual domain can improve monitoring and safety to build off simple rules and expand to complex relationships that make use of multisensory principles to gain even greater benefits [82] . Visual information is typically not co-located with the patient, the clinician must utilize extensive eye and head movement to attend to the patient and monitor [83] . This constant movement is further complicated by evidence that shows the further away a stimulus is from fixation, the stronger the stimulus needs to be in order to be detected [84] . Furthermore, the loud, flashing visual signals alone, similar to unisensory auditory signals, are poorly informative because they do not indicate what the problem is, but merely signal the presence of a potential problem. If both visual and auditory stimuli are paired, as in a multisensory alarm, perhaps response time and overall environmental volume could decrease. Therefore, it is important to consider other situational factors that affect alarm response, and how these factors can be adapted to benefit patient care.
Similar to sound, visual feature space is rich and multidimensional, and represents fertile ground for the design of better alarms in both the visual and multisensory domains. Salient features in visual space that can and should be explored include brightness (analogous to auditory loudness or frequency/pitch), as well as color, hue, and saturation. A guiding principle from a multisensory alarm design perspective is that the visual signal should not only provide redundant information relative to the auditory alarm, but should also provide complementary information enabled by the non-overlapping nature of many aspects of auditory and visual signals [85] .
Interaction between Sensory Modalities and Cognitive Issues-Aspects of Vigilance
Monitoring patient and medical equipment displays over extended periods of time requires a high level of vigilance and sustained attention [86] . The need for vigilance transcends the clinical setting, applying to many other fields such as transportation, process and quality control, and baggage inspection at airport security checkpoints [87] [88] [89] . The need for vigilance in the face of a high multisensory workload, whether salient or not, permeates practically every aspect of industry [21, 86] .
In addition to addressing the sensory features by which alarms alert clinicians about various aspects of a patient's condition, another issue that alarm design needs to address is the impact of continuously streaming that sensory information. Alarms in the ICU sound frequently, and yet 85% to 99% of cases do not require clinical intervention [18] . Furthermore, as alarm frequency increases, clinicians experience habituation, which later results in missed alarms and delayed responses [17] . When alarms carry a positive predictive value of~27% or less, clinicians become desensitized to them [3] . In the presence of a majority of false or nonactionable alarms, clinicians change their behavior to reflect the perceived actionable percentage, that is, to respond 10% of the time if the alarm is deemed to be actionable 10% of the time [58, 90] . While alarms are crucial to support clinician vigilance, excessive alarms lead to alarm fatigue that not only decreases the likelihood of response to valid alarms (i.e., "cry wolf" syndrome), but can also increase clinician stress and exhaustion [91] [92] [93] . In addition, the noise of multiple alarms, on top of the high noise levels in the clinical environment, can mask critical communication [56, 94, 95] . Perhaps most importantly, the noise from excessive alarms also adversely affects patients' sleep, cognition, psychological state, wound healing, and immune function [9] . Unfortunately, in many devices, even the quietest alarm is still loud, shrill, poorly informative, and unisensory. Since the majority of literature on alarm fatigue focuses on qualifiable aspects of fatigue as a function of alarm exposure, future research should focus on an operational and quantifiable assessment of alarm fatigue for the clinician and the potential patient adverse effects [58] .
In addition to the workload of monitoring patients, the additional vigilance required can be highly stressful. Self-report indices have demonstrated task-induced negative mood shifts and increases in restlessness, subjective fatigue, sleepiness, and headaches [96] . Assuming "mindlessness" involves the withdrawal of effortful attention away from the task at hand, the workload and stress associated with patient tasks should decrease [97] . However, vigilance tasks with unisensory signals at a target rate of 2-5% show that stress and workload increase, as measured by the NASA Task Load Index and the Dundee Stress State Questionnaire [86, 96, 98] . Improving the signal-to-noise ratio and improved multisensory alarm design will address issues of attention, vigilance, and mindful allocation of cognitive resources.
Patient Outcomes-Direct Effects of Alarms and Opportunities in the Multisensory Arena
Applying multisensory principles to the clinical setting will benefit the clinician and the patient. There are demonstrable deleterious outcomes directly on the patients from excessive alarm exposure. The design of better alarms that include both the application of multisensory principles as well as greater attention to the sensory features of these alarms would have manifold benefits. In addition to reducing alarm fatigue, such an approach would decrease unnecessary auditory stimulation and the overall ambient noise level in a clinical environment. This would help to improve patient sleep duration and quality, thereby decreasing ICU delirium and potentially Post-ICU Syndrome (PICS), a relative to posttraumatic stress disorder (PTSD) [99, 100] . In a recent Veterans Affairs (VA) study, patients newly diagnosed with PICS at one-year after hospital discharge occurred in nearly one in 12 ICU patients [101] [102] [103] [104] . While civilian populations dominate the PTSD literature after critical illness, the incidence of PICS/PTSD anchored to critical illness was recently determined to be twice as common in veterans [101] . Although the contributions of excessive and/or poorly-designed alarms to ICU delirium and ICU-associated PTSD remain to be determined, it is highly likely that these represent significant contributions to these negative outcomes. Therefore, improving alarm design holds great promise for improving short-and long-term patient outcomes.
Interference to Interoperability
While there are multiple options of possible future routes, one inhibiting factor to a "smart" multisensory alarm is the issue of isolated solutions from single manufacturers and proprietary protocols. The tentativeness of integrating different manufacturers and devices leads to a missed opportunity of interoperability. Groups such as the US-American "MD PnP", Japanese "SCOT", and German "OR.NET" are working on comprehensive solutions for medical device interoperability based on open standards [105] [106] [107] [108] [109] [110] [111] . For example, MD PnP, a program based out of Massachusetts General Hospital, has created a Pulseless Electrical Activity (PEA) detection application [112] . This PEA detection application automatically reads data from several patient monitors, detects possible complications, and automatically displays the PEA treatment page of the Stanford Emergency Manual. By integrating various streams of information, the clinician is provided with the most comprehensive view of the patient and can make more informed decisions for treatment. These projects contribute to an increase in the quality of treatment and safety for both patient and provider. Unfortunately, this interoperable approach to design is not constant throughout the research community. While investigating future designs for multisensory alarms, it is important to consider the impact of interoperability across different manufacturers and devices.
Roadmap of Multisensory Design
As discussed previously, alarm design has been investigated from several points of view. As research has progressed, the prospective design of multisensory alarms has as well. The literature supports the notion that multisensory integration presents the opportunity to reduce alarm that is still able to be perceived at a lower threshold [68, 113] . Evidence supports this perceptual additivity for the combination for olfactory and gustatory input, as well as auditory and visual input [114, 115] . This is further supported by evidence that shows when a non-auditory stimulus is delivered at a sub-threshold level-so it is not perceived by the clinician-along with a near-threshold auditory stimulus, perception is maintained and the auditory environment is reduced [116] .
With the literature supporting the benefits of multisensory integration, the physical placement of such a device is also important. For example, the anatomical location of a haptic device for a combined haptic and auditory alarm may alter results. It has been determined that placement of a vibrational device on the leg is beneficial due to the hygienic restrictions of wearing a device on the hand or wrist in a medical setting [116] .
In adopting a multisensory model for patient alarm systems, both the academic researchers and industrial developers must cooperate and contribute to the design aspects. A projected roadmap of investigation includes research with a focus on developing a combination of unisensory streams which interact to provide the most beneficial effect in the medical alarm environment. Most recently, researchers investigated the benefit of a multisensory alarm compared to a conventional, unisensory alarm. The multisensory alarm consisted of a haptic actuator paired with an auditory stimulus. The results from this study show a positive trend toward participants' increased accuracy in identifying the variable's identity and point of change with the multisensory alarm compared to unisensory [117] .
With regards to the potential limitations, one issue unique to the American market concerning the application of a multisensory design is the structure of research grants. Unlike countries such as the Netherlands and Canada, innovation grants delegated in America are industry-based. As a result, American academics are often restricted in their research because it is entirely dictated by industry demands. Therefore, a primary barrier on the road to production is the transition from the academic community to the industry developers and finally to the popular press. Furthermore, the progression from popular press to community adoption and integration into the hospital system poses challenges to any innovative designs. Fortunately, many new medical devices have begun to overcome such barriers. For example, a frequency-selective silencing device, which aims to filter alarm sounds from the ICU to reduce alarm fatigue for healthcare providers and reduce negative side effects for patients, has successfully transitioned from the academic community to the popular press forum CNN [118] .
Other obstacles include considerations for alarm accuracy. It is common in an ICU environment with the constant buzz of patient alarms for healthcare professionals to silence or turn off monitors. This endangers patients as well as places healthcare professionals at legal risk. In a study aimed to decrease nuisance alarms and moderate alarm fatigue, researchers conducted an experiment to individualize patient alarms. By redefining the parameters for each alarm, nurses' responses to patient needs improved, and the nurses were less hindered by useless noise [13] . While alarm accuracy is a key factor in design, the ability of healthcare professionals to detect important alarms signals is equally as important. With regards to accuracy, the components to consider include durability, consistency, and simplicity or signal. Such aspects influence the overall setting of the ICU and consequently the ability of hospital staff to effectively attend to patients [119] .
Finally, to design the most effective alarm system, a global standard must be established. The consistency of patient alarms between hospitals, states, and countries is crucial in managing the consequences of alarm fatigue and interpretability. This also eases the transition for healthcare professionals who transplant into a new hospital unit. By taking a top-down approach to designing medical technology, there is an opportunity to affect major change in patient outcome as well as physician accuracy [120] .
The Future of Multisensory Design
Clinical environments, especially the ICU and OR, are high-consequence environments that require continuous divided and vigilant attention. The acoustic environment is densely congested with various alarms; however, the design of these critical alarms has not advanced to fully capitalize on our current knowledge of the benefits of multisensory integration. Continuing to ignore the possible interventions and advancement of alarm design through multisensory design, neuroscience of music perception, and music cognition is willfully myopic.
Alarms share various characteristics with musical structure, volume, and amplitude envelope. Despite technological advancements, medical devices fail to take full advantage of high-quality sound speakers. Current devices have been developed to address the inappropriate and invasive volume of alarms that contribute to poor communication in the clinical setting. For example, the Canary Box silences music in the OR at high risk times, and the Dynamic Alarm System for Hospitals (DASH) adjusts volume output proportional to the background environment [66, 121] . Furthermore, CareTunes is a distinct attempt at addressing alarm fatigue in nurses. Through advanced integration of sonification, CareTunes allows nurses to receive alarms with a high level of information to continuously monitor their patients [122, 123] .
Additionally, amplitude envelope manipulation can create more aesthetically pleasing sounds with greater heterogeneity [23] . One possible change in alarms is the simple integration of a percussive envelope, in place of the standard flat envelope. This is more characteristic of naturally occurring sounds and could offer more information, higher learnability, and less annoyance. Alarm annoyance and poor learnability are problems that affect both clinicians and patients. This deleterious effect can result in future development of alarm fatigue in the clinician and PICS in the patient. Recent research shows increased perception and preference for the multisensory alarm over unisensory, auditory alarm [117] . The benefits of audio-visual multisensory integration are demonstrated in formal research, as well as daily life by the Cocktail Party Effect [36, 37] .
Should alarms prove to be a risk factor for developing PICS, as it is hypothesized, then there is a heightened urgency to improve alarm design. This concern is furthered by the notion that treatment for this form of delirium is not proven to be effective [124] . As a result, research and clinical practice need to be proactive. For example, since patients do not need to perceive audible medical alarms, wearable in-ear devices have been developed that filter-out specific frequencies associated with alarms. As a result, the patients can experience normal hearing without the negative consequences of aversive alarms. By globally decrease acoustic input, these in-ear devices may contribute to a decrease in PICS and ICU delirium [125, 126] .
Given that alarm fatigue and PICS are widespread and poorly understood issues in medicine, multisensory integration with the goal of improving alarm design has become a critical issue in the field of alarm and multimodal design. These are just a few of the numerous opportunities to rethink and revamp the alarm for the benefit of clinicians, patients, and overall healthcare.
Conclusions
The concepts of multisensory integration and related neuroscience principles have rarely been applied to clinical settings. The utility of applying the concepts of multisensory integration to the clinical environment may ultimately lie in the increased ability to process complex information within an attentionally demanding setting, and in the decreased need for high intensity stimuli as primary alarm delimiters. There has been significant work showing the problems with alarm fatigue and a subsequent call-to-action to improve patient monitoring [4, 9, 12, 14, 17] . We believe that the neuroscience concepts articulated in this manuscript provide a powerful set of tools to design better alarms and patient monitoring environments for the clinician and patient. Clinicians are already required to integrate information across modalities; now is the time for alarms and patient monitors to adopt these neuroscience principles in an efficient, effective, and safe manner. 
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